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Abstract--A simplified analytical treatment is given for the determination of the orientation of a face 
centered cubic crystal from non-parallel 11 I1 j twin intersections on a surface of the crystal. If only 
three non-parallel : 111) twin intersections are known, then there are two, three or four possibilities 
for the orientation of the crystal, depending on the mutual an&es between the twin intersections 
if a fourth if I L j twin interse&tiun is also known. the orientation of the crystal can be determined 
unamb~guousiy. 
RPsum&-On pkente un traitement analytique simplifie de la determination de l’orjentation dun 
cristai cubique a faces centrees, B partir des intersections de ma&s i I I I 1 non paralleles avec la surface 
du cristal. Si I’on ne connait que trois intersections de la surface avic des macles i I1 1; non paralietes, 
il 5 a deux. trois ou quatre orientations possibles du cristal, suivant les valeurs des angles entre les 
intersections des macles avic la surface. Si l’on connait une quatrieme intersection de macle : 11 I j, 
on peut tf~terminer ~‘orientation du cristal sans ambiguite. 
Zusammenfassung--Es wird ein vereinfachtes analytjsches Verfahren angegeben, urn die Orientierung 
eines kubisch RPchenzentrierten Kristalles aus den Uberkreuzungen von nichtparallelen :11 I I-.Zwili- 
ingen an einer Kristalloberflache zu bestimmen. Sind nur drei Uberschneidungen mchtparalleler 
I I1 1 :-Zwiliinge bekannt. dann bestehen zwei, drei oder vier Miiglichkeiten fir die Orientierung des 
Kristaltes. je uach den gegenseitigen Winkeln zwischen den ~~ersc~nej~ungen. 1steine vierte &er- 
schneidung van j I t I :-Zwiliingen bekannt. dann 
hestimmt w&en. 
Several investigators have determined the orientation 
of cubic crystals by graphic methods [f,2], with the 
aid of charts [3], or with the aid of tables such as 
those produced by Drazin and Otte[4]. 
An analytical treatment for the determination of 
the orientation of a cubic crystal from non-parallel 
; f t 1; twin intersections on a surface of the crystal 
has afso been given by Drazin and Otte [2f. This ana- 
lytical determination includes the solution of a quar- 
tic equation and was developed for the first time to 
its complete form by Fong [S]. 
The purpose of the present paper is to present an 
alternative treatment to that of Drazin and Otte [2] 
and to that of Fong 157 for the analyt~~l determina- 
tion of the orientation of a face centered cubic crystal 
from non-parallel (1 I I ; twin intersections on a sur- 
face of the crystal. In the treatment given here, the 
orientation determination does not depend on the 
solution of a quark equation, but on the common 
solution of three finear trigonometric equations if four 
n~n-p~~r~Iiiel : I I i i twin intersections are known. In 
* Now at Shell Laboratories. Badhuiswsg 3. Amsterdam. 
The Nett-rrlands. 
kann die Orientierung des Kristafles eindeutig 
this case the orientation of the crystal consists of only 
one pair of mirror-image orientations. Furthermore 
it will be shown that the conclusion of Tkazin and 
Otte [2] and of Fong [SJ in the case of three non-par- 
allef (I 111 twin intersections is not correct. because 
the number of four possible pairs of mirror-image 
crystal orientations in this case is not the only solu- 
tion. Depending on the mutual angles between the 
three non-para~~~~ : t 1 I ; twin intersections, two or 
three pairs of mirror-jrn~~~e crystal orientations are 
also possible. 
In our case, the non-parallel {I I1 ; twin intersec- 
tions have been observed in the austenitic phase of 
the bainitic steel 3SNifr18, of which the chemical 
composition and the heat treatment in the hot stage 
microscope wilt be described in a separate paper [6]. 
hereinafter referred to as Part II. An optical micro- 
graph of’ an austenitic grain enabfes us to determine 
the orientation of the grain, if three or four non-paral- 
lel [ 111) twin intersections have been developed in it. 
in Part II a method will be described to determine 
the habit pfane of the bainitic phase of the above 
mentioned steel. Because of this habit plane deter- 
mination the orientation of the austenite has to be 
calculated, and this can be done. as we will show, 
with the aid of non-p~~r~~lle~ { 1 I I ; twin intersections. 
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2. PRELIMINARY CONSIDERATIONS /----- 
Figure 1 represents the stereographic projection of 
a {ill )- plot, in which the centre (111) pole has been 
rotated around the axis AB about an angle of 0”. 
If we draw four lines through the new centre of pro- 
jection and the new positions of all four { 111) poles, 
we have created a combination of four angles between 
four lines, which represents only one particular orien- 
tation. The combination of these four lines, however, 
is exactly the same as the combination of the four 
trace directions which represents the non-parallel 
{ 111 } twin intersections in an austenitic grain, of 
which an example is given in Fig. 3(a). There is only 
one difference, because in the austenitic grain the 
{ 111) poles are, of course, not lying on the twin inter- 
section itself, but on a line which is perpendicular 
to it. This means a mutual difference in rotation of 
90” around the plane normal, but the combinations 
of mutual angles in both cases are exactly the same. Fig. 1. Stereographic projection of a { 111) plot in which 
Later on we will return to this subject. the centre (111) pole has been rotated around the axis AB 
If we have got an optical micrograph like the one 
about an angle of 8”. 
in Fig. 3(a), it is necessary to rotate the centre (111) 
pole of Fig. 1 in such a way that a combination of 
four lines arises of which the mutual angles are 
exactly the same as the mutual angles between the 
{ill} twin intersections on the optical micrograph. 
This means that we have to know in which direction 
we have to rotate the centre (111) pole and what the 
magnitude of 0 has to be. In this case the rotation 
direction has been defined with the aid of $I) being 
the angle between the rotation axis AB and the direc- 
tion [211] on the circumference of the {ill} plot (Fig. 
1). Because the three segments of each 120” in the 
{ 111) plot of Fig. 1 are equivalent to each other, it 
has been concluded that the rotation axis always in- 
tersects the segment PQR. This means that 
0” 4 C1 < 120” and in such a case all possible orien- 
tations can be created, apart from mutations. In this 
stage now we have to look for the mathematical rela- 
tionships between 0 and $I on the one hand and 
the new positions of all four { 111) poles on the other 
hand. These new positions result in a combination 
of four angles which have to be the same as the 
mutual angles between the { 111) twin intersections 
on the optical micrograph of an austenitic grain. With 
the aid of these four angles we are able to determine 
0 and $I from which the orientation of the crystal 
is known. 
3. MATHEMATICAL RELATIONSHIPS FOR 
THE DETERMINATION OF 0 AND $, . 
Figure 2(a) represents a right-handed rectangular, 
coordinate system PADZ, in which $I is the angle 
between the rotation axis AB and the projection of 
the unit vector (ill). The angle between the two unit 
vectors (111) and (111) has been defined as 6 and 
has a constant value of 70.52877937”. Otherwise, Figs. 
1~1111l 
Ii111 
Fig. 2. Representation of the situation in Fig. 1 with the aid of a right-handed rectangular coordinate 
system PADZ enabling us to derive the equations (7), (12) and (13). 
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2(a) and (b) represent the same situation as the one 
in Fig. 1. 
Figure 2(b) arises from Fig. 2(a) after a rotation 
of 0” around the axis AB (compare Fig. I). During 
this rotation, the lines CD and EF remain the same 
in magnitude, wherease i,V, is the angle between the 
rotation axis A3 and the projection of the new pos- 
ition of the unit vector (ill), i.e. PC. In combination 
with Fig. 1 it can be seen that the two lines PC” and 
PD in Fig. 2(b) have to correspond with the [ 111) 
twin intersections in an austenitic grain, apart from 
the mutual difference in rotation of 90” around the 
plane normal (see also Sections 2 and 4). Besides, the 
projection of the unit vector (11 I), after a rotation 
of 19” around the axis AB (i.e. PD in Fig. 2b), is always 
a line which is perpendicular to the rotation axis AB, 
and because PD corresponds to a {l I1 ) twin intersec- 
tion in an austenitic grain, it is clear that the rotation 
axis A3 is always perpendicutar to one of the present 
non-parallel [ 1 I I ) twin intersections. The choice of 
which of the twin intersections has to be perpendicu- 
lar to the rotation axis AB is arbitrary. Thus i+Vi n 
Fig. 2(b) is the angle between the {I 11) twin intersec- 
tion PC and the rotation axis AB perpendicular to 
the {I II 1 twin intersection PD. This means that 3/i 
is a measurable quantity on the optical micrograph 
of an austenitic grain. 
From Fig. 2(b) it can be seen that 
CE CE 
tan@, =-_=-_=. 
EF*sinB 
PE CD cosIGfi*sin&l’ 
(1) 
where 
sin fl = sin(a + 8) 
= sina*cosB f cosX*sin@. 
From Fig. 2(a) it can be seen that 
(2) 
sinr = sinICI,*sind, 
EF 
(3) 
cos cp 
cos x = TiF’ 
Substituting equations (3) and (4) into equation (2) 
gives 
sin/l = 
sin$,~sin~*cos8+ cos+*sinf? 
i% . (5) 
Substituting equation (5) into equation (1) gives 
tan $1 = 
sin~~*sin~.~os~ + cos4=sinB 
co~$~*sin$ 
-. (6) 
Thus. 
tan *: = tan (//i *cosB + 0.353.5533906---- sinD (7) 
cos*1 
and this is an equation for the relationship between 
the centre (111) pole and the (ill) pole, after a 
*From the Department of Mechanical Engineering, 
Materials Section, Technical University Twente, Enschede. 
The Netherlands. 
rotation of H’ around the axis AB. From Fig. I it 
can be seen that for the relationships between the 
centre (111) pole and the (171) pole and between the 
centre (111) pole and the (1 Ii) pole, after the same 
rotation of 0” around the axis AB. the following equa- 
tions hold: 
tan II/; = tan $2.cos B f 0.3.535533906*c~~$; (8) 
tan+; = tan +3ecos B + 0.3535533906*;~$. (9) 
: 
Because ti/i, il/: and ffij represent a start position in 
the 111 1 : plot of Fig. 1. it is possible to express their 
mutual relationships as follows: 
$, = ri/, + 120‘ (10) 
$3 = $, + 240”. (Il) 
Substituting equations (10) and (11) into equations (8) 
and (9) respectively, we have the folIowing three end 
equations: 
tan I& = tan +I ncos 8 + 0.3535533906*=!- 
cos $1 
tan+; = tan(~~ + 12o”)~cos@ 
(7) 
+ 0.3535533906, 
sin @ 
cos(li/l + 120”) 
(12) 
tan $; = tan($ I + 24o”)‘cos 0 
+ 0.3535533906‘ --
sin 0 
cos($/lr + 240’)’ 
(13) 
Because $;, $; and $; are measurable quantities. 
it is necessary to calculate combinations of (I and $i, 
which satisfy the above mentioned equations, as will 
be shown in the Sections 4 and 5. With the aid of 
each correct combination of 0 and $, _ the orientation 
of the austenitic grain can be calculated. These calcu- 
Iations have been programmed on a computer, but 
in view of the need for brevity we will not go into 
these computer programs. Besides they may be 
obtained on request.* 
4. ~ETERMINA~ON OF THE CRYSTAL 
ORIENTATION WITH THE AID OF FOUR 
NON-PARALLEL { 111; TWIN 
INTERSECTIONS 
Figure 3(a) represents an optical micrograph of an 
austenitic grain in which four non-parallel (1111 twin 
intersections are available, whereas the same twin in- 
tersections are given schematically in Fig. 3(b). The 
next step is to draw all four lines, which represent 
the four twin intersections, through the centre of a 
stereographic projection plot in such a way that their 
mutual angles are the same as on the optical micro- 
graph (Fig. 4). In this case, the rotation axis AB is 
perpendicular to line I. 
With the (1 II) pole in the centre of the stereo- 
graphic projection plot, we now have to look for a 
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a). Optical micrograph of an austenitic grain in which four non-parallel { 1 11 } twin intersc 
are present. 
Fig. 3(b). Schematic representation of Fig. 3(a). 
start position of the other 1111) poles, indicated by 
ICI 1, which has each { 111) pole coinciding with one 
of the lines I, II, III and IV, after a rotation of f3 
around the axis AB (Fig. 4, compare also Fig. 1 and 
Fig. 2). The fact that the { 111) poles are, of course, 
not lying on the twin intersection itself, but on a line 
which is perpendicular to it, causes a difference in 
rotation of 90” around the plane normal, which will 
be corrected later on (see also Section 2). 
As indicated in Fig. 4, the angles $;, I& and $; 
have the following values: I++‘, = 21.0”, I/& = 34.0” and 
$; = 155.1”. In this framework it must be said that 
there is no need to worry about the fact that we do 
not know with which of the two radii of each line 
the { 111) pole in question will coincide. This is due 
to the fact that the difference in mutual angles 
between the two radii of each line is equal to 180” 
(if measured from the rotation axis AB in an anti- 
clockwise direction, as indicated in Fig. 4), and this 
will not make any difference to the three end equa- 
tions (7), (12) and (13) because the tangent function 
has a periodicity of 180”. 
In the case of Fig. 3(a), only one combination of 
fI and r+ki can be found which satisfies all three equa- 
tions at the same time, because four non-parallel 
{ 111) twin intersections are available (see also Section 
2). In order to determine this combination of 0 and 
t//i, all solutions of each combination of two equa- 
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Fig. 4. Stereographic projection of a ( 11 I ) plot of which 
all four ; I i I ] poles coincide with the four twin intersec- 
tions 1, II. III and IV after a rotation of fl around the 
axis AB. 
tions have to be calculated, as indicated in Fig. 5(a) 
where the computer results of Fig. 3(a) are repre- 
sented. The indicated constant values of 0 ‘. 120” and 
240 refer respectively to equations (7). (12) and (13). 
It has been observed that the number of solutions 
of each combination of two equations can be zero, 
one, two or three. The only combination of U and 
IL 1, which (nearly) satisfies all three equations at the 
same time, has now been defined as the average value 
of the three solutions A. B and E in Fig. S(a). With 
the aid of this combination, the angles $‘, , t+b; and 
I& are ~lcularrd now, and this results in very small 
deviations with regard to the rnrasured angles. 
Besides, this combination of H = 73.8. and I/J, = 39.8’ 
enables us to calculate the orientation of the crystal 
in Fig. 3(a). while Fig. 4 shows that the rotation 
belonging to this combination does indeed have each 
[ 1 Ii ) pole coinciding with one of the lines I, II, III 
and IV. It must be said, however, that the actual value 
of t+Gi is equal to 279.8282 , but following the conclu- 
sion that the rotation axis AB always intersects the 
segment PQR in Fig. I (i.e. 0” < $i d 120”) this 
value has been reduced to 279.8282’ - 2 x 120’ = 
39.8282 
Because the three end equations (7) (12) and (13) 
are rotation-symmetrical with regard to $i about an 
angle of 120 , it is not necessary to substitute 
9; = 21.0 into equation (7). $; = 34.0-’ into equation 
(12) and I& = 155.1 into equation (13) as we did 
in Fig. S(a). For that purpose we consider the six 
different ways in which the values of t/Li, I,& and I& 
can be substituted respectively in equations (7). (12) 
and (I 3), as indicated in Table 1. It has been observed 
that combinations 4 and 5 both produce a solution 
identical to that of combination I, indicated in Fig. 
5(a). The results of the remaining combinations 2, 3 
and 6 are also identical to each other but in this 
case, however, a combination of 0 and $i which satis- 
fies all three equations at the same time will not be 
found, as can be seen in Fig. 5(b) which represents 
the result of combination 3. As a matter of fact. it 
is just what we had expected, because there is only 
one possibility for the orientation of a crystal if four 
non-parallel (111) twin intersections are available. 
With the aid of, for example, the combinations 1 and 
3, both groups of combinations are represented now. 
If the measured angles ti’i, $> and $; are substituted 
into the equations (7). (12) and (I 3) in order of magni- 
tude, like combination 1 in Table I. it is possible 
that a solution will not be found. In such a case we 
have to exchange the first two angles. like combina- 
tion 3 in Table I, to be able to calculate the orien- 
tation of the crystal. This phenomenon is due to the 
fact that we do not know with which combinatton 
of four radii in Fig. 4 the jlll: poles will coincide. 
The calculated direction in Fig. 5(a) indicates the 
direction of the rotation axis AB. This unit vector, 
which is. of course. perpendicular to the calculated 
plane normal. is always lying in the (Ill) plane 
because the rotation axis AB is perpendicular to the 
projection of the unit vector (111) after a rotation 
of 0 around the axis AB. as described in Sections 
2 and 3. In order to nullify the difference in rotation 
of 90’ around the plane normal, which was mentioned 
for the first time in Section 2, we now have to rotate 
the calculated direction of the rotation axis AB about 
an angle of 90’ around the plane normal, which 
means that this direction will coincide with the trace 
direction of the (11 1) twin intersection perpendicular 
to the rotation axis AB. With the aid of this rotation 
the requirement has been fulfilled that each { 111 j
pole is lying on a line which is perpendicular to the 
twin intersection in question. This means in our cast 
that the calculated direction in Fig. 5(a) is identical 
to the trace direction of the (I 11) twin intersection, 
indicated as number 1 in Fig. 3(a), because in Fig. 
4 the rotation axis AB is perpendicular to it. 
With the aid of a Hewlett-Packard calculator 
(9820 A) in combination with an H-P plotter (9862 A). 
it is possible to produce the solution lines for t+Yi 1
$; and $; of equations (7). (12) and (13) respectively. 
based on the computer programs mentioned in Sec- 
tion 3. This enables us to determine also graphically 
a combination of 0 and I+?, which satisfies all three 
equations at the same time, because the three solution 
lines in question have to intersect or touch each other 
at one point. An example is given in Fig. 6 where 
the graphical determination of all combinations of (1 
and $, in the case of Fig. 5(a) is represented (compare 
the solutions A, B, C. D and E in Fig. 5(a) with those 
in Fig. 6). In such a plot the angle I,+* is the tangential 
component @360 ) whereas the angle I) represents 
the radial component (G90‘). and this means that 
the three solution lines in question will always inter- 
sect or touch each other at the centre of the plot 
where f3 = 0”. The constant values of 0, 120 and 240’ 
refer to equations (7), (12) and (13) respectively. 
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y ) v!; ) v’j 21.0000 34 .OOOO 155.1000 
(Colnbination 0 1 in Table I) 
H v: 
A ‘I 5. i%58’7 39. i~5’70 21.0000 34.0000 0 120 
b ,,3.8426 39. tiOb1 21.0000 155.1000 0 240 
c 78. 7014 9.4020 21.0000 155.1000 0 240 
D 1.7547 94.5269 34.0000 155.1000 120 240 
E 73.8143 39.0215 34.0000 155.1000 120 240 
73.8385 39.8282 (Average values of the 
( 279.8282 ) aolutions A, B and E) 
Y;’ % % 
21.000~) 74.0000 155.1000 
t 
Measured values) 
20.9408 33.9927 155.1074 Calculated values) 
NOR!.iAL = 0.6630 
DIRECTION = -0 6270 . 
Y{’ , Y!; , Y!; 
8 Y 
5’;. 2G’79 8.9567 
67. OO’)~i 35.7500 
75.rijo5 38.5905 
17.0636 88.0769 
G9.2805 21.1312 
0.4311 -0.6120 1 
(Orientation austenitic 
0.7664 -0.1394 grain in Fig. 3a) 
34.0000 21.0000 155.1000 
(Combination 3 in Table I) 
34.0000 21.0000 
34.0000 155.1000 
34.0000 155.1000 
21.0000 155.1000 
21.0000 155.1000 
0 
0 
0 
120 
120 
120 
240 
240 
240 
240 
NO COMI'ION SOLUl'ION POR 8 AND '+j 
(bl 
Fig. 5. Computer results of the orientation determination of the austenitic grain in Fig. 3(a). 
A second method to determine graphically a com- supplementary angles, because we don’t know with 
bination of @ and $, which satisfies all three equa- which combination of four radii in Fig. 4 the { 111 } 
tions at the same time, is given in Fig. 7. This figure poles will coincide. The next step is to look for a 
shows a rectangular plot in which the angles Q and &line perpendicular to the o-axis, which intersects in 
I+!/ are the axial components. The three regions for each of the three regions of 120” only one line for 
11/1 of each 120” refer respectively to equation (7), i.e. one and the same value of tjl, as can be seen in 
0” < +I < 120@, equation (12), i.e. 120” < *1 + Fig. 7 where 0 = 73.8” and $I = 39.8” (see also Figs. 
120” < 240” and equation (13), i.e. 240” < $I + 4 and 5a). The line I++; = 21.0” intersects the &line 
240” < 360”. In this case too, the solution lines for in the region 24&360”, the line $; = 34.0” in the 
I/I~ are produced with the aid of the H-P calculator/ region &120” and the line II/; = 155.1” in the region 
plotter, based on the computer programs mentioned 12&240”, as indicated by the encircled crosses. It 
in Section 3. If we consider once again our example appears that in this particular case it was not necess- 
in Fig. 3(a), then it is necessary to indicate not only ary to indicate also the lines for the supplementary 
the values of @, = 21.0”, I& = 34.0” and II/; = 155.1” angles but nothing could be said about this before, 
by means of straight lines in Fig. 7, but also their for the reason mentioned above. This example shows 
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Table I. The six different ways in which the values of li/‘, , li/; and $> can be substituted 
into equations (7) (12) and (13), respectively. 
21.0 21.0 34.0 34.0 155.1 155.1 4 (7) 
34.0 155.1 21.0 155.1 21.0 34.0 + (12) 
155.1 34.0 155.1 21.0 34.0 21.0 + (13) 
0 2 3 0 0 6 
1511 
1-q = 279.a~2*1m0= 39s” 
0 = 73.8*fcompare Rg.!h, 
Fig. 6. Graphical determination of the solutions A, B. 
D and E in Fig. 5(a). 
c, 
that with the aid of the plot in Fig. 7 is is possible 
to determine combinations of f) and $, which satisfy 
all three equations at the same time. without the aid 
of a computer. In such a case the orientation of a 
crystal belonging to a correct combination of 0 and 
$t can be determined stereographically as indicated 
in Fig. 4. 
The calculated orientation (Fig. 5a) of the austenitic 
grain in Fig. 3(a) is actually not the only possibility. 
There also exists an orientation which is a mirror- 
image of the one in Fig. 5(a), and this means that 
the crystal surface is acting as a mirror. Thus there 
is not one but a pair of mirror-image orientations, 
that is a pair of orientations with Z coordinates (Fig. 
2) of opposite signs, if four non-pamIle i 111) twin 
intersections are available. Because of its arbitrary 
character we will omit this in the following sections. 
This means that we intend to say two, three or four 
pairs of mirror-image orientations, if we talk about 
two. three or four possibilities for the orientation of 
a crystal. 
*Copies of Fig. 7 on a much larger scale may be 
obtained on request from the Department of Mechanical 
Engineering, Materials Section, Technical University 
Twente. Etnschede. The Netherlands. 
1 DETERMINATION OF THE CRYSTAL 
ORIENTATION WITH THE AID OF THREE 
NON-PARALLEL {l I1 : TWIN 
INTERSECTIONS. 
The orientation determination with the aid of three 
non-parallel 1 II 1; twin intersections can be done 
from the austenitic grain in Fig. 3(a) by omitting one 
of the present twin intersections I, II. III and IV. 
Because the rotation axis AB is perpendicular to one 
of the three remaining twin intersections. only two 
angles are left to be substituted in the three end equa- 
tions (7). (12) and (13). which means that we have 
to examine all possibilities of substituting two angles 
into three equations. If the two measured angles are 
$1 and $‘;. we are able to indicate all six possibilities 
of substitution by means of the constant values of 
0. 120 and 240 referring respectively to equations 
(7), (I?) and (13). as can be seen in Table 2. It has 
been observed that the combinations 1. 3 and 5 pro- 
duce identical solutions, whereas the same holds for 
the remaining combinations 2. 4 and 6. because the 
three end equations (7). (12) and (13) are rotation- 
symmetrical with regard to $t about an angle of 120 ‘. 
This means that with the aid of, for example, com- 
binations 1 and 2 only, all possible solutions (i.e. 
orientations) can be obtained. This total number of 
solutions consists of the number of combinations of 
0 and $t which satisfy the two equations of combina- 
tion 1, increased by the number of combinations of 
0 and tji which satisfy the two equations of combina- 
tion 2. It has also been observed that this total 
number of solutions (i.e. orientations) can be two, 
three or four, whereas the number of solutions of each 
individual combination can be zero, one. two or three 
(compare Section 4). This means that only the follow- 
ing distribution is possible between the combinations 
1 and 2 with regard to the total number of solutions: 
0 and 2 (compare Fig. 11) or 2 and 0. 0 and 3 or 
3 and 0, I and 1 (comparc Fig. 10). 1 and 2 or 2 
and 1, 1 and 3 or 3 and 1, 2 and 2 (compare Fig. 
8 and Fig. 9). 
If we consider the twin intersections I. II and III 
in Fig. 3(a). it is possible to create a triangle as indi- 
cated in Fig. 8. In this case there are four possibilities 
for the orientation of the crystal. whereas the rotation 
axis AB is perpendicular to twin intersection I. The 
same holds for Fig. 9, where twin intersection III has 
been omitted, In Figs. 10 and I1 there are only two 
possibilities for the orientation of the crystal. The un- 
derlined orientations represent the correct orientation 
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Fig. 7. Rectangular plot for the graphical determination of a combination of 0 and $1 which satisfies 
all three equations (7), (12) and (13) at the same time.* 
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Table 2. The six different ways in which the values of $‘, and $; can be substituted 
into the three equations (7), (12) and (13) indicated by the constant values of 0, 120 
and 240”. 
O1 0” 120” 120’. 240’ 240’ 
120” 240” 240’ 0 0 120’ 
1 2 3 4 5 6 
vq,v;’ : 2i.0000 155*1000 0 120 
H “1 
17.‘iiilb 88.0769 NORMAL = 0.8009 0.4307 0.4161 
( 204.0769 ) ilIRECTIOW = -0.0274 0.7204 -0.OY30 
80. 2805 21.1312 NOlWAL = 0.3016 0.5196 -0.7994 
( 21.1312 ) DIRECTION = -0.7616 0.6357 0.1259 
H Y 
73.8426 NORMAL = 0.6627 0.4314 -0.6121 
DIRECTION = -0.6272 0.7663 -0.1341 
78.7014 9.4021 NORMAI> = 0.2439 0.7318 -0.6364 
( 9.4021 ) DIRECTIO?; = -0.8055 0.5183 0.2873 
Fig. 8. Computer results of the orientation determination of the austenitic grain in Fig. 3(a) if only 
the twin intersections I, II and III are considered. 
of the crysta1 because they correspond very well to 
the one in Fig. 5a. Fig. 11, however, shows a different 
direction whereas the plane normal is a mutation of 
the one in Fig. 5(a), but this is due to the fact that 
in this case the rotation axis AB is perpendicular to 
line IV becasue of the omission of twin intersection I. 
We have observed that in the case of three non-par- 
allel (11 I ) twin intersections there are four possibili- 
ties for the orientation of a crystal, if the acute angles 
between the twin intersections are all less than about 
72.5” (Figs. 8 and 9). If one of these three angles 
becomes more than about 72.5~, however, a transition 
will take place to two orientations (Figs. 10 and 1 I). 
The possibility of three orientations will arise if dur- 
ing the above mentioned transition two of the four 
orientations coincide, which means in graphical terms 
that two points of intersection between two solution 
lines have to become one point of contact (compare 
Fig, 6). Because such a point of contact requires very 
accurate values for the mutual angles between the 
twin intersections, i.e. more accurate than we are able 
to measure, it is clear that the possibility of three 
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NO SOLIJTIGNS FOR ff ANI) 8; 
61.2242 27.7359 NOIWAL I O.LhiIO 0.60(10 -'0.4372 
( 27.7759 i UlRECTION = -0.7227 r,.fi904 Ci.i':Z: 
Fig. 11. Computer results of the orientation determination of the austenitic grain in Fig. 3(a) if only 
the twin intersections II, III and IV are considered. 
orientations will not occur in practice. In Part II an 
example will be shown where two of the four orien- 
tations are nearly identical. 
If only three non-parallel { Ill] twin intersections 
are availabie in an austenitic grain, it is clear that 
we don’t know which of the possible orientations will 
be the correct one. However, if such a grain contains 
two (or more) regions in twin relationship to each 
other, it is possible to determine the orientation of 
each region unambiguously, 
part II. 
6. CONCLUDING 
as will be shown in 
REMARKS. 
Three equations have been established relating the 
orientation of a crystal to the angles between non- 
parallel { 111) twin intersections on the surface of a 
face centered cubic crystal, allowing the possibilities 
of crystal orientation to be determined analytically 
once the angles between the twin intersections have 
been measured, The determination is based on the 
common solution of three linear trigonometric equa- 
tions if j&r non-parallel { 111 j twin intersections are 
available. In such a case there is only one possibility 
for the orientation of the crystal. 
From Fig. S(a) it can be seen that the mutual devi- 
ations of the three solutions A, B and E are very 
small with regard to the average values of 0 and til. 
Nevertheless these deviations, which are a result of 
inherent errors (accuracy of the calculation process) 
and errors of measurement, may be minimized if one 
or more of four non-parallel { 111) twin intersections 
are not well defined. In such a case it is obvious that 
the method of solving is the better since the angles 
between the best three twin intersections may then 
be used to determine all possible orientations and the 
most doubtful last twin intersection employed only 
for indicating which of all possible orientations is the 
correct one. 
Another way to minimize deviations is to calculate 
the orientation of the crystal for each twin intersec- 
tion ~rpendicular to the rotation axis AB. Because 
the deviations are different in all four cases, it is poss- 
ible to select the most suitable one. Besides. the rec- 
tangular plot of Fig. 7 may be used to determine 
which of the $‘-lines is the most sensitive one for 
a particular deviation. 
If only three non-parallel { 111) twin intersections 
are available in a face centered cubic grain, there are 
two, three or four possibilities for the orientation of 
the grain. However, if such a grain contains two (or 
more) regions in twin relationship to each other, it 
1516 S. HOEKSTRA et al.: THE HABIT PLANE IN BAINITIC STEELS 
is possible to determine the orientation of each region 
unambiguously (Part II). 
The method of orientation determination as de- 1. 
scribed in this paper is much more simple than the 
method of Drazin and Otte [2] and of Fong [S]. With 2. 
the aid of Fig. 7, for instance, the orientations may 3, 
even graphically be determined. Besides the conclu- 
sion of Drazin and Otte [2] and of Fong [S] that 4. 
there are always four solutions for the orientation of 
a crystal if only three non-parallel { 111) twin intersec- 5, 
tions are known, is not correct. Depending on the 6. 
mutual angles between the twin intersections, we have 
shown that two or three solutions are also possible. 
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